Spectacular oil price increases occur on a regular basis; the most recent one is dated July 2008. This paper puts forward the notion that extreme oil price movements of this type can be described as temporary explosive. The paper applies a forward recursive unit root tests and finds evidence of explosive behavior in the following periods: 1990/1991, 2005/2006, and 2007/2008. Currently existing oil price models are not capable of appropriately describing this type of behavior. A thorough discussion of the underlying reasons of these price hikes indicates these oil price episodes -even though extremeare mainly fundamentally explained. This finding is insufficiently acknowledged in the literature on speculative oil price bubbles. Thus, policy interventions as response to extreme movements of this kind need to be very carefully thought through.
Introduction
Heavy disruptions of the global oil market occur with considerable regularity.
Among the manifold examples are the two oil crises, the OPEC collapse, the oil price hike associated with Gulf War II in 1990/1991 and, finally, the episode in July 2008 when oil prices reached a record level of more than 140 USD per barrel. Every one of these disruptions has led to heated debates in both the public and academic arenas. Considerable effort has been made to understand both the macroeconomics and the behavior of oil prices, and this work is well justified for at least two reasons. First, crude oil is still an important economic input factor and there is a widespread notion that virtually all economic recessions are associated with increases in oil prices.
Second, crude oil is a fossil resource, the combustion of which is one of the main drivers of climate change.
Not only these disruptions occurred very frequently, also the behaviour of oil prices changed dramatically various times; see Figure 1 . Prior to 1986, oil prices moved essentially horizontally, interrupted only by a few shifts never experienced before: dramatic increases 1973/1974 as well as 1979/1980 and a dramatic collapse 1986. Subsequently, the horizontal movement continued, however with a considerably higher volatility. During the beginning of the 2000s, then, a steady increase began, culminating in the oil price record high observed 2008. More recently, oil prices were remarkably stable at around 100 USD per barrel before 2014 a dramatic collapse occurred. These major changes in oil price behavior is usually referred to as structural break; sudden extreme movements are often called jumps. There are, however, two oil price episodes which do seem to be different: in both 1990/1991 and 2008 the oil price movements can certainly also be described as dramatic.
In both cases, however, the observed increase is followed by a subsequent collapse. In addition to this, it took the oil price considerable time to reach its respective peak: in 1990/1991 more than three months, in 2008 even longer. This behaviour is conceptually different from permanent structural breaks, a mere increase in volatility or the occurrence of individual, isolated jumps. . The procedure applied in this paper has been borrowed from ; daily as well as monthly oil price data spanning 1986-2016 are used in the study. 1 As these steep temporary increases followed by subsequent collapses are conceptually different from from existing oil price descriptions, this empirical finding, standing alone, makes a contribution to the empirical literature on oil price behavior. This literature is epitomized by time series applications such as Lee et al.'s (2006) rather traditional "deterministic vs stochastic trends" paper or Gronwald's (2012) and Lee et al.'s (2010) jump model applications.
A thorough discussion of possible explanations for the identified explosive phases and their relation to the literature on speculative bubbles in oil prices are the second contribution this paper makes. Influential papers such as Kilian and Murphy (2013) , Juvenal and Petrella (2014), and and Knittel and Pindyck (2016) show that these oil price surges are mainly explained by fundamental factors and that speculative activity only plays a minor role. 2 As the 2004-2008 oil price hike coincided with the so-called financialization of oil futures markets, many believe that this has to be viewed as a driving force behind the hike. Empirical support for this publicly popular claim, however, is practically nonexistent, see Irwin and Sanders (2012) as well as Sanders and Irwin (2014) . 3 To summarize, it is demonstrated that extreme price movements can be captured appropriately by the concept of temporary explosiveness. In addition, these extreme movements can very well have a fundamental explanation: they are a result of the interaction of, first, a change in the relationship between fundamentals of crude oil supply and demand and, second, low price elasticities of oil supply and demand. This is an important message to the general public as it often seems to be believed that extreme price movements can only have non-fundamental causes. However, also a number of academic studies insufficiently acknowledges this finding. Papers including , Shi and Arora (2012) , and Brooks et al. (2015) deal with speculative bubbles in crude oil prices. The main weakness of these papers, however, are inappropriately modelled fundamental values of oil prices. In addition, the exchange between these strands of literature seems to be overall insufficient. Due to the political dimension of the debate on speculative bubbles particular caution and empirical rigour is essential.
The remainder of the paper is organized as follows. Section 2 outlines the empirical method employed in the paper. Sections 3 and 4 present and discuss the empirical results. Section 5 offers some concluding remarks.
Testing for Explosiveness
The statistical properties of daily as well as monthly oil prices are investigated here using a forward recursive application of an augmented DickeyFuller unit root test. The null of a unit root is tested against the alternative of an explosive root. Thus, the following equation is estimated:
The hypothesis H 0 : δ = 1 is tested against the alternative H 1 : δ > 1. 4 Initially, a subset of the sample with τ 0 = nr 0 observations is used. In each subsequent regression, this subset is supplemented by successive observations, giving a sample of size τ = nr for r 0 ≤ r ≤ 1. This procedure yields a sequence of t-statistics with corresponding p-values. These sequences are used to identify originationr e and collapse datesr f of explosive behavior in the data:r e = inf s≥r 0 {s :
This procedure is derived from a test for periodically collapsing bub- Note that this is a standard unit root test except for the formulation of the alternative hypothesis. Rather than testing the null of a unit root against a stationary alternative, the alternative in this case is explosive.
5 See Section 4 for a discussion of the differences between explosiveness and bubbles. The finding of temporary phases of explosiveness adds to the vast literature on short-run as well as long-run oil price behavior. In the long run, oil prices are assumed to follow either deterministic (Slade, 1982a; Lee et al., 2006) or stochastic trends (Slade, 1988) . 8 On the short-run behavior front, a number of recent studies provide evidence of jumps in oil prices (Lee et al., 2010; Gronwald, 2012) . Despite the concentrated effort that has been made to understand oil price behavior, temporary oil price increases like those observed in 1990/1991 and 2007/2008 are not well captured by any of the extant empirical approaches: the individual increases itself do not need to be very large, the overall increase period can exceed a few months and is followed by subsequent decreases. This paper's approach is certainly most comparable to the concept of stochastic trends: Had no evidence of explosive phases been found, the conclusion would have been that oil prices contain a unit root and, thus, follow a stochastic trend. 9 Jump models, 6 A consistent estimation of the precise origin and collapse date of the explosive behavior would require a significance level asymptotically approaching zero, see and Phillips and Yu (2009) . This paper, however, is more interested in the general behavioral pattern of oil prices. Research in that area is still ongoing and existing procedures are rather ad-hoc. Some alternative procedures have been applied as robustness check; the results are overall consistent with the results presented here. These results are available from the author upon request.
7 Note that, at least in theory, the method applied in this paper would also allow one to capture "negative explosiveness" or "explosiveness in reverse". Figure 2 indicates that the p-values begin to decrease in 2014. However, they are still considerably larger than any conventional significance level. Thus, there would be insufficient evidence to conclude that "negative explosiveness" is present. In other words, the observed oil price declines are not large enough.
8 It is important to note that this literature is concerned with resource and commodity price behavior in general. In addition to oil and petroleum prices, respectively, prices of other resources such as iron and silver are also analyzed.
9 The application of a conventional unit root tests clearly indicates that oil prices contain a unit root. Detailed results are available from the author upon request.
in addition, enjoy a considerable degree of popularity when it comes to modelling extreme price movements. However the feature that initially an increase consisting of a number of smaller steps is observed followed by the subsequent collapse cannot be captured very well by currently existing jump models. 10 A considerable larger conceptual difference exists to the notion of deterministic trends. Lee et al. (2006) are proponents of this and their application of a two-break LM test is considered to reflect the "current state of knowledge concerning the empirical performance of nonrenewable resource prices" (Livernois, 2009 ). The unambiguous weakness of their approach is that the number of structural breaks is limited to two. In particular the feature of repeated switches between explosive and non-explosive behavior is not consistent with this rather inflexible concept; it seems obvious that oil prices are too dynamic to fit into this tight methodological corset. To summarise, this paper highlights a feature of oil prices which has so far not been considered in the empirical literature on oil price behavior: oil prices are temporarily explosive. The following section now discusses these results in a broader sense.
Discussion
In the aftermath of the 2008 oil price surge, a vast literature emerged that discusses its underlying causes. One main focus of that research is empiri-10 The following brief discussion explains this in more detail: The contributions by Lee et al (2010) as well as Gronwald (2012) are based on the jump model proposed by Chan and Maheu (2002) . The key feature is that the variance equation, in addition to a standard GARCH component, also contains a jump component. This allows one to capture extreme price movements which exceed what would be anticipated by the GARCH model. The jumps are described by three parameters: a Poisson distributed jump intensity as well as a normally distributed jump size. It is important to note that the jumps in itself are independent from each other. The most recent applications allow for a time-varying jump intensity, but jump size and jump variance are time-invariant. This implies that these models do exhibit a certain degree of flexibility but do not seem be able to capture the empirical phenomenom of an initial increase in oil prices followed by a steep decrease. It should, furthermore, be noted that the main purpose of this paper is to put forward the conceptually new notion of temporary explosiveness and that there can very well be a fundamental explanation for the observed price movements. It is left for future research to investigate which type of model provides the better fit. Markov regime switching models in the tradition of Hamilton (1990) in general also seem to be useful candidates. Baumeister and Peersman (2013) even provide evidence of declining shortrun price elasticities of oil demand and of oil supply. Finally, Deaton and Laroque's (1992 , 1995 point to another essential issue: storage of a commodity cannot become negative. It is the interaction of all these fundamental factors that causes extreme crude oil price movements -captured in this paper using the concept of temporary explosiveness. The concept of explosiveness, in addition, allows one to capture commodity price behavior described by Deaton and Laroque using standard time series techniques. These insights are insufficiently acknowledged by a number of contributions to the literature on speculative bubbles in crude oil prices. Garber (1990) emphatically stresses that "before economists relegate a speculative event to the inexplicable or bubble category, however, [they] must exhaust all reasonable economic explanations". In general, meaningful statements about the existence of bubbles can only be made if a measureable fundamental value exists. If a deviation of the observed price from this fundamental value becomes sufficiently large, one would conclude that a bubble is present.
Cointegration based bubble tests suggest that no evidence of a bubble would 11 Data source: Energy Information Administration. A necessary condition would be that the two time series are integrated of the same order. If however the price is more non-stationary than the fundamental value, this necessary condition would be violated and, thus, one would conclude that there is evidence of a bubble. As for the measurable fundamental value required for this analysis, in the context of stock markets, there is an obvious candidate: (expected future) dividends; see e.g. Philiips et al. (2011) as well as Diba and Grossmann (1988) . On the oil price bubble front, however, it is at least debatable if this fundamental value is sufficiently careful defined. This literature is epitomised by studies such as Yu (2011), Shi and Arora (2012) as well as Brooks et al.(2015) . These papers find evidence of oil price bubbles; only the contribution by Caspi et al. (2015) is more cautious regarding the interpretation of their results. Caspi et al (2015) merely normalize crude oil prices by crude oil supply -approximated by U.S. crude oil inventories. This is highly problematic in so far as this procedure assumes that U.S. inventories capture all relevant information on the fundamental value of crude oil prices. In addition, it imposes a restriction on the cointegration vector: it is assumed that this vector capturing the cointegration relationship between observed price and fundamental value is (1,-1). Shi and Arora (2012) and Brooks et al (2015) apply the present value model put forward by Pindyck (1993) . This model is based on convenience yields which, however, is the valuation of future oil market conditions by the market itself rather than an "objective" fundamental value comparable to dividends. Brooks et al. (2015) are aware of potential problems and state that "the convenience yield could also be contaminated with a bubble itself".
In order to check for the robustness of their results these authors construct a second measure for the fundamental value based on a set of macroeconomic variables. This proposal however is not unproblematic either as it entirely ignores oil market specific factors and is identical for a number of price series under consideration. In a nutshell, no reliable statement about the existence or non-existence of an oil price bubble can be made unless the fundamental values of oil prices are appropriately specified. However, the only thing we have learned -and it is one of the main contributions of this paper to emphasise this -is that crude oil prices exhibit temporary explosive behaviour and that there seem to be fundamental explanations for this peculiar behaviour.
Conclusions
Academic studies on crude oil are anything but scarce, but they do appear to be episodic. The oil crises of the 1970s sparked enormous efforts in investigating the macroeconomic consequences of oil price shocks. The emergence of various resource economic studies focusing on the scarcity of resources can also be linked to these incidents. A recent offshoot of this literature is motivated by increasing awareness of climate change and its consequences. And there seems to be an almost permanent interest in studying the statistical behavior of oil prices. This paper puts forward the notion that the behavior of crude oil prices can be described as temporary explosive: The application of a unit root test based procedure yields evidence of temporary explosiveness in the following periods: 1990/1991, 2005/2006, and 2007/2008 . This finding alone makes a contribution to the literature on the empirical behavior of oil prices epitomised by papers such as Pindyck (1999) , Lee et al (2006), and Gronwald (2012) . The crude oil price models used there are not able to capture this behavior. In addition, this procedure allows one to capture oil price behavior as described by Deaton and Laroque (1992 , 1995 using "traditional" time series techniques.
Having found evidence of this type of peculiar behavior, it is natural to try to shed light on the underlying causes. A thorough review of the literature reveals that these price movements, even though extreme, can very well have fundamental causes. The discussion in this paper shows that there is evidence of a change in the relationship of crude oil demand and supply fundamentals. The interaction of this with low price elasticities of crude oil supply and demand results in the observed extreme price movements.
Making this clear is a second important contribution, for at least these two additional reasons: First, this seems to be insufficiently acknowledged by the literature on speculative oil price bubbles. The main weakness are the inappropriately defined fundamental values of oil prices utilized in these papers. In addition, there is a take-home point also for the general public. In many cases, sharply increasing prices result in calls for policy interventions and financial market regulations. The oil market is certainly not exempt from this. As these types of interventions can have undesirable effects this needs to be thought through extremely carefully.
In a nutshell, there is sufficient grounds for concluding that temporary phases of explosive oil prices cannot be considered rare events and that price movements of this type can very well have fundamental considerations.
There is, however, an aspect of these movements that has attracted attention only very recently. Research on the micro level indicates that oil exploration investments rather than crude oil production responds to oil price increases -see Anderson et al. (2014) as well as Mauritzen (2016) . In addition to this, research conducted by Miller and Zhang (1996) shows that oil field development decisions are affected even if oil price hikes are only temporary.
Thus, current price turbulences will have an effect on future crude oil supply.
Depending on which direction the global economy takes, it might be the case that extreme oil price periods will occur in the future as well. The global crude oil market seems to be undergoing a fundamental change.
